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Abstract

In reinforced concrete structures, a poor bond between concrete and reinforcements develops

when compaction causes insufficient mechanical properties or induces corrosion of steel bars. In

order to investigate such bond behavior due to compaction of concrete, concrete walls made of

two different conditions of compaction and a wall made of SQC (super quality concrete; high

strength and self-compacting concrete) were subjected to pull-out tests of steel bars. In evaluat-

ing temporal and spatial evolution of cracking during the pull-out tests, AE measurements are

conducted. Attention is paid to mechanical engagement between ribs of steel bars and concrete.

Visual observation is also made for the sections of cored samples from the walls, and rifts be-

tween steel bars and concrete are measured. The results indicate that lower AE activities around

steel bars show the locations of insufficient bond area, where it is also difficult to distribute stress

of steel bars to concrete. The bond behavior of a conventional concrete is directly influenced by

means of compaction, whereas stable bond behavior irrespective of the compaction is observed

in the SQC.
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1. Introduction

In order to construct reliable and durable concrete structures in the field, elaborate effort of

compaction of concrete is important since the compaction significantly influences the quality of

concrete structures. Contrary to the conventional concrete, self-compacting concrete (SCC) has

no requirement for compaction using vibration, and can reduce the initial defects of concrete

structures [1]. In reinforced concrete structures, a poor bond between concrete and steel bars de-

velops when compaction causes insufficient mechanical properties or induces corrosion of the

steel bars. The SCC can decrease both segregation and bleeding that degrade the quality of inter-

faces between cement paste and steel bars. Super quality concrete (SQC) is a variety of SCC and

has high strength and high durability [2]. The SQC has been developed to design economical

concrete structures and reduce the maintenance cost [3]. A preliminary study on bond property of

SQC in laboratory tests can be seen in reference [4], and the high performance of bond property

was reported in the SQC. However, filling property around steel bars in full-scale structures,

namely bond behavior of SQC has not yet been evaluated. Also in conventional concrete, details

of bond behavior influenced by conditions of compaction have not so far been studied.

In the present study, the bond behavior influenced by compaction is studied with three full-

scale walls, made by three different compaction methods, namely two different compactions of a

conventional concrete and SQC (which performs self-compaction). Pull-out tests of the steel bars
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embedded in the wall are carried out for the three walls. Acoustic emission (AE) measurement is
performed to evaluate temporal and spatial evolution of cracking during the tests. Visual obser-
vations of defects are also performed on sections of samples cored from the walls.

2. Experiment

Experimental walls
An SQC mixture (identified as S) and a conventional concrete mixture (identified as N) are

shown in Table 1. An experimental wall was cast by the SQC without compaction. Two other
walls were cast using N mixture with different conditions of compaction as indicated by N1 and
N2. Table 2 shows the three conditions of placement accompanied with compaction. The hori-
zontal movement shows long side direction of the wall. The SQC was deposited at an edge of the
wall and allowed to flow 8 m to the other edge without compaction. As shown in Fig. 1, nine
high-strength deformed steel bars (USD685) of 25 mm diameter, which were used for pull-out
tests, were embedded horizontally in each wall. As shown in Fig. 2, a bond length of each steel
bar was 150 mm, whereas the remaining length was isolated. Next to each bar, nine deformed
normal-strength steel bars (SD345) of 25 mm diameter were also embedded for visual observa-
tion. To evaluate effects of segregation and bleeding, these steel bars were located on three ele-
vations as denoted by upper (U), middle (M) and lower (L) groups consisting of three bars each.
In this paper, experimental cases are represented by e.g. “N1-L”, which stands for placing condi-
tion: N1 and elevation level: L.

Table 1  Mix proportions of conventional concrete (N) and SQC (S).

Table 2   Placement conditions.

Pull-out test with AE measurement
The steel bar was pulled out by a center-hole jack after aging 56 days. Averaged compressive

strengths of cored samples from walls of N1, N2 and S were 34.8, 36.9 and 85.0 MPa, respec-
tively. During the tests, pull-out load and displacement at the end of the steel bars were meas-
ured. Simultaneously, AE measurement was performed with a MISTRAS AE system with eight
channels (Physical Acoustics Corp.). AE signals detected by AE sensors of 60 kHz resonance
were fed to the system for digital signal processing. Eight AE sensors were placed onto the walls
as shown in Fig. 2. Based on in-situ elastic wave velocities, 3D location of AE sources were
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Fig. 1  An experimental wall.

Fig. 2  Location of AE sensors for pull-out tests.

identified using arrival time differences of AE signals. In actual tests, the AE events also ap-
peared in the interspace corresponding to the volume where steel bar was isolated from concrete.
The center-hole jack was placed on the surface of the interspace. Thus, the AE signals located
within the interspace was disregarded for evaluating cracking behavior.

Visual observation
Figure 3 shows the cored sample of 400 mm length, containing a steel bar. To make two cross

sections on the specimen, the both ends of the sample were cut off by 100 mm from the edges. In
this way, the two cross sections of each specimen were observed visually. Several voids were
found around the steel bar as shown in Fig. 4(a). To quantify the area of voids expediently, the
void is represented by a triangle, with the rift length (i.e., base) is a circumference of steel bar
exposing to void and the rift height is the maximum distance from the surface of steel bar to the
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void edge as shown in Fig. 4(b). Thus, the rift area is readily calculated as a triangle. The rift
length and the rift area were used for indices to evaluate bond properties.

  Fig. 3  A cored sample including a steel bar.

Fig. 4   (a) A cross section of N1-U3. (b) An example of a pair of rift length and rift height for
quantifying an observed void.

3. Results and Discussion

Pull-out test with AE measurement
 The AE activity in N2-U3 is a typical AE activity of N series and is shown in Fig. 5(a). The

AE hit rate shows the rate of total AE hits derived from all channels. The displacement at the end
of steel bar and applied load are shown as well in the figure. In both N1 and N2, large slippage of
steel bars and intensive AE activity were observed after the peak of load. A typical result of S
series is shown in Fig. 5(b) in the same manner as in Fig. 5(a). In the S series, the steel bars
yielded in almost all the cases, and the yield point of steel bars corresponded well to the curva-
ture of the load chart. After the yield point, the load increased slightly then ceased to increase.
The AE activity continued to be inactive; in fact, rather extremely calm, even when the load
reached the yield point. Subsequently, the steel bar started to extend and resulting high AE activ-
ity was generated. The extension of steel bar would occur at the bond section, therefore the bar
end displacement in Fig. 5(b) was constant. Averaged maximum pull-out loads of N1, N2 and S
were 179 kN, 212 kN and 387 kN, respectively. The maximum pull-out loads of S were consis-
tent with the yield strength of high-strength deformed steel bar used. Thus, it is shown that the
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Fig. 5   Loading history, bar end displacement and AE hit rate (a: N2-U3, b: S-M2).

Fig. 6 Front view of AE source locations (a: N1-L1, b: N2-L2, c: S-U1).

bond strength of SQC is high to such an extent that the high-strength steel bar is subjected to
yielding.

Three-dimensional AE sources obtained from the experiments are projected to the front sur-
faces of the walls. Three typical AE source locations in each placing condition are shown in Fig.
6(a- c), in which AE sources are extracted before the peak load only. For N1-L1 shown in Fig.
6(a), AE events were mainly concentrated above the steel bar, whereas AE events of S-U1 were
scattered over the monitoring area (see Fig. 6(c)). To evaluate the spatial density of AE events,
the monitoring area is divided into radial zones from the center of steel bar. As shown in Fig. 7,
12 slices of 30˚ each are defined, but we combined two slices in symmetrical positions (e.g., 0 to
30˚ and 150˚ to 180˚) into a single zone for a total of six zones. AE events, which located in each
of the six zones, were averaged in each of the experiments. The average AE events obtained
from each series are shown in Fig. 8 in terms of the ranges. It is noted that a negative angle indi-
cates AE events located below the steel bar, while a positive angle shows those above the bar. In
N1 series shown in Fig. 8(a), the average AE events below the steel bars were smaller than those
above the steel bars. No relationship between located elevations of steel bars and AE events was
observed. As for N2 series shown in Fig. 8(b), lower AE activities below the steel bars were also
obtained; however, the trend was not so extreme as in N1 series. In N2-U (upper level), the aver-
age AE events in the range from –60˚ to 0˚, corresponding to below the side of steel bars, were
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 Fig. 7   Radial division of monitoring area.

Fig. 8   Average AE events of each angle range (a: N1, b: N2, c: S).

smaller than those in the other ranges. In S series shown in Fig. 8(c), a relatively constant num-
ber of AE events were obtained in all zones. This suggests that, AE sources are distributed ho-
mogeneously around the steel bars in S series. Especially, the AE activity in S-M (middle level)
showed the most well distributed AE activities in all directions. In S-L (lower level), however,
smaller average AE events were observed in the range from –30˚ to 0˚ corresponding to below
the side of steel bars.

To characterize the bond fracture of the pull-out tests, AE parametric analyses were per-
formed. In this study, the initial part of AE waves, important part of an AE waveform for
characterizing crack types [5], is employed. We used a parameter of “grade,” describing the
initial wave components [6]. The “grade” is defined as the gradient of ascending part of an
AE wave- form and is calculated by the AE peak-amplitude (dB) divided by the rise time
(µs). The initial gradient of AE waves is expected to be larger in tensile type fracture, while
it becomes smaller for the shear type fracture. Figure 9 shows relationships between the
grade and AE source locations angle. In the grade analysis, AE events of either less than 6
AE counts or rise time less than 2 µs were disregarded. In all cases, large grade were not   
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observed, whereas almost all of the AE events had smaller grade at maximum about 2 dB/µs.
This implies that the shear fracture was dominant during the pull-out tests.

Fig. 9   Relationship between AE location angle and its grade (a: N1, b: N2, c: S).

Bond fracture between concrete and deformed steel bars is reported to be divided into three
following modes: 1) local compression at ribs of steel bars, 2) shear motion along connections
among the apexes of the ribs and 3) circumferential tension stress due to spreading effect caused
by the rib shift [7]. The reason why the shear fracture was dominant during the pull-out tests
seems to be the following. The covered concrete surrounding the steel bars was so massive in
full-scale walls to avoid generating circumferential tension stress corresponding to Mode III
fracture. Consequently, the stress concentrated on mechanical engagement between ribs of steel
bars and concrete, corresponding to Mode I and II fracture. Thus, AE activity would be mainly
characterized as shear type fracture. AE events, which have large grade values, were obtained in
S series rather than in N series. This would be caused by partial shifts of steel bars after the
yielding, corresponding to the bond fracture of Mode III.

The mechanical engagement of steel bar ribs with surrounding concrete is essential to dis-
tribute stress in the steel bar to the surrounding concrete. Thus, incomplete bonding due to segre-
gation, bleeding and inadequate compaction cause the defective mechanical engagement of steel
bar ribs with concrete resulting in insufficient stress distribution. Especially, if there were non-
uniformity in the bonding, the stress is intensively distributed only on the sound area, where suf-
ficient connection of steel bars with concrete exists. Consequently, the localized stress results in
cracks developing in the sound area. Hence, the angle ranges, in which lower AE activities are
observed (see Fig. 8) would be an incomplete bonding area. In this way, it is estimated that there
were incomplete bonding below the steel bars in the N1 series because lower AE activities were
observed below the steel bars. The same lower AE activity as in the N1 series can be seen in N2-
U and S-L, suggesting incomplete bonding below the steel bars. Contrary to those series, S-M
showed the uniform AE activities. This implies adequate bonding existed around steel bar in S-
M.

Visual observation
With the angle range defined in Fig. 7, the rift lengths are also divided. The averaged rift

lengths of each series are shown in Fig. 10. In general, the rift lengths were large at the negative
angle, or the zones below a steel bar. Especially in N1-U, very large rift lengths of around 7 mm,
which occupied 50% of divided circumference, were observed. Contrary to N1 series, which
show large rift lengths in the upper level, there was no obvious difference of rift lengths among
elevations in N2 series. In S series, small rift lengths were observed in the upper level. Generally
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Fig. 10  Rift length of each angle range (a: N1, b: N2, c: S).

Fig. 11  Rift area of each angle range (a: N1, b: N2, c: S).

in horizontal steel bars, rifts below steel bars are easily developed due to segregation or bleeding,
and they become larger as in upper levels of concrete placement. Therefore, the large rift lengths
obtained on upper level in N1 series would be caused by segregation or bleeding. These results
also suggest that the SQC has a high inhibition effect on segregation.

The averaged rift areas are shown in Fig. 11 as in Figure 10. The rift areas showed the maxi-
mum in the range of ±30˚, which was the side of steel bars. Especially in upper level of N series,
N1-U and N2-U, very large rift areas around 20 mm2 were obtained. These large voids on the
side of steel bars in N series seemed to develop when the steel bars obstructed the horizontal
movement of concrete. Contrary to N series, larger rift areas were observed in the lower level of
S series (S-L). The observed voids around steel bars in S series seem to be independent small
bubbles due to entrapped air. This would be caused by high viscosity of fresh concrete due to
high cement content of SQC.

From these results, the placing condition of N2 was better than that of N1 in this study. Ac-
cordingly, it is confirmed that the bond behavior of conventional concrete mixture (N) varies
with the conditions of placing and compaction. The rift sizes of S series were smaller than that of
N2 series, which is a better placing condition in N series. Thus, it is concluded that the SQC is
effective to reduce rifts between concrete and steel bars, even without requirement for the com-
paction.
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Fig. 12   Relationship between rift sizes and average AE events (a: rift length, b: rift area).

Relation of AE results and visual observation
The AE result shows that the localized lower AE activity around steel bars can be evaluated

to have incomplete bonding for stress distribution. For example, below the steel bars of all N1
series and below the steel bars for N2-U and S-L were estimated as the locations where incom-
plete bonding existed. From visual observations, the larger rift lengths below the steel bars were
obtained in all the cases. Especially it was remarkable in N1-U. Also, the large rift areas located
on the side of steel bars were observed in N1-U, N2-U and S-L. These results imply that the in-
complete bonding estimated by AE measurement is in good agreement with the locations of rift
around the steel bars.

Figure 12 shows relationships between the rift sizes and average AE events. Since the AE
measurements and the visual observations were conducted separately with different specimens,
the correlation coefficients between the rift sizes and AE events have low values. However, it is
found that the number of AE events tends to be higher as rift sizes become smaller. This suggests
that the higher AE activities showing evolution of cracks can be correlated with adequate stress
distribution achieved by enough mechanical engagement of the ribs with concrete.

4. Conclusions

Bond behavior of steel bars was studied using walls cast by the SQC and a conventional con-
crete. For different conditions of placing and compaction, the bond properties were evaluated by
pull-out tests with AE measurements. Comparison was made between AE activities and visual
observations of sections on the cored samples. The following findings were obtained:

1) AE activities during the pull-out tests can be mainly characterized as shear type fracture,
which seems to be caused by concentrated stress on mechanical engagement between ribs of
steel bars and concrete.

2) The localized lower AE activities around steel bars can be evaluated to have insufficient bond
area, where it is difficult to distribute stress of steel bars to surrounding concrete.

3) The bond behavior of a conventional concrete is directly influenced by means of compaction;
however, stable bond behavior irrespective of the compaction is observed in the SQC. Thus, it
becomes clear that the SQC is effective not only for mechanical improvement but also for re-
duction of bond defects.
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